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To gain further insight into yeast acetic acid-induced programmed cell death (AA-PCD) we analyzed
the effects of the antioxidant N-acetyl-L-cysteine (NAC) on cell viability, hydrogen peroxide (H2O2)
production, DNA fragmentation, cytochrome c (cyt c) release and caspase-like activation in wild type
(wt) and metacaspase and/or cyt c-lacking cells. We found that NAC prevents AA-PCD in wt cells, by
scavenging H2O2 and by inhibiting both cyt c release and caspase-like activation. This shows the
occurrence of a reactive oxygen species (ROS)-dependent AA-PCD. Contrarily no NAC dependent
change in AA-PCD of mutant cells was detectable, showing that a ROS-independent AA-PCD can also
occur.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In response to different stimuli, yeast cells can die showing spe-
ciﬁc hallmarks of mammalian apoptosis, including chromatin con-
densation and DNA fragmentation [1]. Accordingly, some processes
occurring en route to mammalian apoptosis, including reactive
oxygen species (ROS) generation, cytochrome c (cyt c) release
and caspase activation, were found to occur in yeast [2–5]. By
investigating the time course of events occurring in yeast cells en
route to acetic acid-induced programmed cell death (AA-PCD), we
have shown that hydrogen peroxide (H2O2) and the antioxidant
system can modulate cell response to AA-PCD [6–8]. In addition,
the metacaspase-encoding gene YCA1 and the release of cyt c were
separately found to be dispensable for AA-PCD to occur, thus
suggesting that at least two death pathways can occur in yeast
AA-PCD, one dependent on cyt c release, which requires YCA1,
and the other(s) independent of it [9,10]. We found that H2O2 gen-
eration is an early and common event in the alternative AA-PCDchemical Societies. Published by E
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nattasio).pathways [10]. However, although over-expression of catalase
was shown to abolish AA-PCD and the H2O2 level proved to be
modulated by superoxide dismutase and catalase upon AA-PCD
induction [8], whether and how ROS contribute to the two AA-
PCD pathways remains to be established.
N-Acetyl-L-cysteine (NAC) is a water-soluble antioxidant com-
pound widely used to deﬁne the role of ROS in a variety of physi-
ological and pathological processes [11]. Here we investigate the
effect of NAC on AA-PCD in wild type (wt) and cells lacking YCA1
and/or cyt c. We conclude that AA-PCD which is independent of re-
leased cyt c and YCA1 occurs in a ROS-independent manner. Finally
we suggest that cyt c still present in mitochondria modulates the
caspase-like activity by a mechanism yet to be established.
2. Materials and methods
2.1. Strains, media and growth conditions
The Saccharomyces cerevisiae strains used in this study
were: W303-1B (MATa ade2leu2his3trp1ura3), Dyca1 (W303-
1Byca1D::KanMX4) [9], CYC1 and CYC7-lacking (Dcyc1,7) (W303-
1Bcyc1D::URA3cyc7D::TRP1) [12] andDcyc1,7Dyca1 (W303-1Bcyc1-
D::URA3 cyc7D::TRP1yca1D::KanMX4) [10]. In all cases, cells were
grown at 30 C in rich medium (1% yeast extract and 2% bacto-pep-
tone) containing 2% dextrose (YPD).lsevier B.V. All rights reserved.
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AA treatment was performed as in [10]. A 20 mM NAC (Sigma–
Aldrich) aqueous solution was added to cells both 30 min before
and during AA treatment. Cell viability was determined by measur-
ing colony-forming units (cfu) after 2 days of growth on YPD plates
at 30 C.
2.3. TUNEL assay and intracellular H2O2 detection
To detect DNA fragmentation we used TUNEL assay. Control and
AA-treated cells (108 each) treated or not with NAC were harvested
after 150 min of AA treatment and TUNEL assay was performed asFig. 1. The effect of NAC on AA-PCD in wt, Dyca1, Dcyc1,7 and Dcyc1,7Dyca1 cells. AA-
2. (A) Cell viability was reported as a function of time by measuring colony-forming un
at time zero. The means of four independent experiments with standard deviations
Percentage of TUNEL positive control (C) and AA-treated cells in the presence or in the
ﬂuorescence microscopy as described in Section 2. Percentage of DCF positive contro
reported. In (B) and (C) at least 400 cells were evaluated for each sample in two inde
Student t-test.in [10]. Intracellular H2O2 was detected through oxidation of 2,7-
dichlorodihydroﬂuorescein diacetate (H2-DCF-DA; Molecular
Probes) to the ﬂuorophore dichloroﬂuorescein (DCF) as in [10].
H2-DCF-DA (10 lg/ml) was added to cells either 30 min before or
during AA treatment in the presence or in the absence of NAC.
2.4. Immunoblotting
Cytosolic and mitochondrial fractions were isolated from con-
trol and AA-PCD wt cells treated or not with NAC and immunoblot
analysis was performed as described in [10]. Polyclonal anti-cyt c
was kindly provided by Fred Sherman (University of Rochester
Medical Center, Rochester, NY, USA).PCD was induced in wt, Dyca1, Dcyc1,7 and Dcyc1,7Dyca1 as described in Section
its (cfu) after 2 days of growth at 30 C. Cell survival (100%) corresponds to the cfu
are reported. (B) DNA fragmentation was detected by using the TUNEL assay.
absence of NAC at 150 min is reported. (C) Intracellular H2O2 level was detected by
l (C) and AA-treated cells in the presence or in the absence of NAC at 15 min is
pendent experiments.*P < 0.0001; **P < 0.0005, as compared to untreated wt cells,
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Caspase-like activitywasmeasured as in [10]. Brieﬂy, control and
AA-treated cells, treated or not with NAC, were harvested at differ-
ent times and lysed with ice-chilled glass beads (0.5 mm) in 20 mM
Hepes-NaOH (pH 7.3), 0.5% Nonidet P40, 84 mMKCl, 10 mMMgCl2,
0.2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1 lg ml1 leupeptin and
1 mM PMSF. Cell lysates (50 lg protein) were assayed for caspase-
like activity ﬂuorometrically by using the mammalian caspase
substrates N-acetyl-Ile-Glu-Thr-Asp-7-amino-4-methyl-coumarin
(Ac-IETD-AMC) and N-acetyl-Val-Glu-Ile-Asp-7-amino-4-methyl-
coumarin (Ac-VEID-AMC) (Alexis Biochemicals) as in [10]. All the
values were corrected for the intrinsic substrate ﬂuorescence.
In all cases, protein concentration was determined as in [13].
3. Results
3.1. The antioxidant NAC can prevent AA-PCD in wt but not in mutant
cells
To gain some insight into the role of ROS in yeast AA-PCD, we
ﬁrst investigated the effect of the antioxidant NAC on cell viability
up to 200 min upon AA-PCD induction in wt, YCA1- (Dyca1), cyt c-
(Dcyc1,7) and YCA1- and cyt c-lacking (Dcyc1,7Dyca1) cells.
(Fig. 1A). As expected, mutant cell death rates were virtually the
same (0.004–0.007 ± 0.001 min1) and lower than that of wt cells
(0.0015 ± 0.002 min1) in the absence of NAC [10]. In the investi-
gated time range NAC treatment of wt cells resulted in consider-
ably increased survival. In particular, after 200 min, when in the
absence of NAC treatment no survival occurs, about 50% survival
was found in the presence of NAC, this suggesting that ROS gener-
ation plays a role in AA-PCD. Surprisingly enough, as a result of
NAC treatment of all the mutant cells, in which ROS production oc-
curs [10], no signiﬁcant change of their survival was found at any
time. The effect of other antioxidants, namely tiron and ascorbicFig. 2. The effect of NAC on cytochrome c release in wt cells undergoing AA-PCD. Repre
mitochondrial fractions from control (C) and AA-PCD cells treated or not with NAC were o
The histograms report the cytosolic (B) and the mitochondrial (D) amount of cyt c normal
of the ﬁlm. Cyt c protein levels are reported as percentage of the amount of protein in
experiments. *P < 0.0001 as compared to untreated wt cells, Student t-test.acid (20 mM each), was also tested on cell viability of acetic
acid-treated wt and mutant cells with results similar to those ob-
tained with NAC (data not shown). To conﬁrm that either in the
presence or absence of NAC, AA-PCD in wt and mutant cells takes
place, TUNEL assay was carried out thus monitoring DNA fragmen-
tation (Fig. 1B). The percentages of TUNEL positive wt cells at
150 min were 50% and 25% in the absence or presence of NAC,
respectively. Contrarily, NAC treatment did not result in change
of the TUNEL positive cells for any of the mutant cells (Fig. 1B). A
negligible percentage of stained cells was observed in all control
cells treated or not with NAC.
To conﬁrm that NAC works as an intracellular ROS scavenger
both in wt and mutant cells, we analyzed the level of H2O2 after
15 min of AA-PCD either in the absence or presence of NAC, when
in both cases an early burst of H2O2 occurs [10] (Fig. 1C). About 60%
of cells appeared stained with DCF in the absence of NAC as in [10]
with a decrease to about 20% due to NAC treatment. Notice that no
DCF ﬂuorescence was detected in culture supernatants after AA
treatment, conﬁrming that NAC acts as intracellular ROS scavenger
(not shown).
Results in Fig. 1 show that NAC can prevent AA-PCD in wt but
not in mutant cells but that it can work as a ROS scavenger in both
cases.
3.2. NAC can prevent cyt c release
Since ROS play an important role in the release of both cyt c
and other pro-apoptotic proteins, which can trigger caspase acti-
vation and are needed for apoptosis to occur in mammals [14],
and since cyt c release has been shown to occur in wt but not
in Dyca1 cells [10] en route to AA-PCD [3,4], we investigated
whether the prevention of ROS production (see above) affects
cyt c release during yeast AA-PCD. Thus, we assayed immunolog-
ically the amount of cyt c in cytosolic and mitochondrial fractions
isolated after 150 min of AA treatment from NAC-treated wt cellssentative immunoblots of cyt c, Pgk1p and Ilv5p are reported. (A) Cytosolic and (C)
btained at 150 min and analyzed by western blot analysis as described in Section 2.
ized with antibodies against Pgk1p or Ilv5p, as quantiﬁed by densitometric scanning
control cells, set to represent 100%. Data are representative of three independent
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trol use was made of the monoclonal antibodies against Pgk1p
and Ilv5p, cytosolic and mitochondrial matrix protein markers,
respectively. The amount of cyt c in the cytosolic fraction of
NAC-treated cells was virtually unchanged compared to the con-
trol, in contrast with untreated cells in which a 140% increase of
cyt c amount was detected [4] (Fig. 2A and B). Consistently, no
change in the mitochondrial cyt c content was found in the pres-
ence of NAC compared with a decrease of 50% found in its absenceFig. 3. The effect of NAC on caspase-like activity in wt, Dyca1, Dcyc1,7 and Dcyc1,7Dy
control (C) and AA-PCD wt, Dyca1, Dcyc1,7 and Dcyc1,7Dyca1 cells treated (white bars)
ability to cleave the ﬂuorogenic caspase substrates Ac-IETD-AMC and Ac-VEID-AMC. A
compared to untreated wt cells, Student t-test.(Fig. 2C and D). These data show that ROS scavenging by NAC can
prevent cyt c release.
3.3. NAC can decrease caspase-like activation in wt but not in mutant
cells
Caspase-like activity was shown to increase in both wt and in
mutant cells en route to AA-PCD with a maximum reached after
200 min [10]. To ascertain whether ROS play a role in caspase-likeca1 undergoing AA-PCD. Cell-free extracts were prepared at indicated times from
or not (grey bars) with NAC as described in Section 2. Extracts were tested for their
ctivities are reported as ﬂuorescence arbitrary units. *P < 0.0001; **P < 0.0005, as
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extracts from AA-PCD cells treated with NAC up to 200 min, by
using the mammalian caspase substrates Ac-IETD-AMC and Ac-
VEID-AMC, which proved to be efﬁciently cleaved also in yeast
[15,16] (Fig. 3). NAC treatment of wt cells resulted in 50% decrease
of both IETD-ase and VEID-ase control activities as measured at
200 min. In contrast NAC had no effect on IETD-ase and VEID-ase
activities in mutant cells. Notice that NAC did not affect the early
and extra caspase-like activation in Dcyc1,7 cells. As a control,
we conﬁrmed that the pan-caspase inhibitor z-VAD-fmk inhibited
the caspase-like activity.
4. Discussion
We have already established that at least two death pathways
can take place in yeast AA-PCD, one dependent on cyt c release,
which requires YCA1, and the other independent of it [9,10]. This
paper shows that ROS sensitivity is an additional feature which al-
lows for a further distinction between the two pathways. Released
cyt c and YCA1 are strictly required in the ROS-dependent AA-PCD
pathway. On the other hand in yeast cells lacking YCA1 and/or cyt c,
AA triggers a ROS-independent PCD pathway. Accordingly, having
ascertained via TUNEL assay that in wt and in Dyca1, Dcyc1,7 and
Dcyc1,7Dyca1 cells, death occurs via AA-PCD, we show that in wt
cells, in which AA-PCD occurs with early H2O2 formation, preven-
tion of H2O2 generation due to the antioxidant NAC (Fig. 1C), results
in prevention of cell death, DNA fragmentation, cyt c release and
caspase-like activation (Figs. 1–3); contrarily in the mutant cells,
decrease in ROS level had no effect on AA-PCD. Thus, wt cells die
in a ROS-dependentmanner, butmutant cells in a ROS-independent
manner in which both YCA1 and the released cyt c are conﬁrmed to
be dispensable. In yeast cells lacking YCA1 and/or cyt c AA-PCD is
poorly sensitive to oxidative stress in agreement with the proposal
of functional cooperation between ROS and YCA1 [17,18].
In the light of the results in Fig. 2 we conclude that ROS
themselves can cause cyt c release as already shown in both mam-
malian and plant apoptosis [14,19]. This paper together with [10]
gives further insight into the role of cyt c in caspase-like activationFig. 4. AA-PCD pathways in yeast. The actual scenario of yeast AA-PCD along time. Ac
released, caspase-like activation occurs and AA-PCD takes place in a ROS-dependent man
like activity increases and AA-PCD occurs in a ROS-independent manner (magenta pathoccurring in the AA-PCD pathways. In the investigated time range
caspase-like activity in NAC-treated wt cells does not differ from
that measured in Dyca1 cells, both of them being lower than that
in wt cells. Since H2O2 production is required together with YCA1
for cyt c release to occur [10], we can conclude that in the YCA1-
dependent pathway the released cyt c plays a major role in cas-
pase-like activation as in [20]. Consistently, a decrease in
YCA1-dependent caspase-like activity was previously found in
Dyca1 AA-PCD cells, where cyt c release does not occur even if
H2O2 is still produced [10].
However, as suggested by the extra-activation of caspase-like
activity in cyt c-lacking cells (Fig. 3), we are forced to conclude that
in the YCA1-dependent pathway the released cyt c itself is dispens-
able for caspase activation if released, but if present in the mito-
chondria, cyt c somehow prevents caspase activation, perhaps in
cooperation with YCA1. Whether and how the impairment of
oxidative phosphorylation due to the lack of cyt c play a role in
caspase-like activity increase needs a detailed investigation.
However, the fact that mutant cells die in a manner distinct to
the wt is clearly supported in the light of Figs. 1 and 3, in which we
show that in spite of similar percentage of TUNEL positive cells and
an increased caspase-like activity, the survival of mutant cells is
higher. We suggest that caspase-like activity does not play a major
role in the execution of ROS-independent AA-PCD pathway, but
other proteolytic systems might be involved in this case.
The scenario for AA-PCD deriving from results in this and previ-
ous papers is shown in Fig. 4: AA can activate at least two different
PCD pathways, one in which YCA1 acts upstream of cyt c release
and caspase-like activation in a ROS-dependent manner and an-
other in which cyt c release does not occur and caspase-like activ-
ity increases in a ROS-independent manner. Mitochondria appear
to play a different role in these two pathways the details of which
remain to be investigated [21].
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